A screening method that allows rapid, efficient and reliable detection and selection of hydantoinase-positive micro-organisms was devised. Out of 76 strains selectively isolated from soil, 15 strains possessing hydantoin-hydrolysing activity were selected using a spot-test based on the direct detection in agar of N-carbamyl amino acids. The results obtained were confirmed by quantitative determination of hydantoinase activity in whole cells and crude extracts of positive strains. Inactivity and/or instability of some hydantoin-hydrolysing activity were observed upon preparation of a few crude extracts. Preliminary experiments indicated that some selected strains had an inducible hydantoinase activity. The reliability and the indicative value (presence of hydantoinase) of the spot-test were confirmed by incubating crude extracts in enzyme membrane reactors for up to 112 h. The six strains that were positive with the spot-test and had high h ydan toinase activity continuously produced N-car barn ylvaline. Following nitrite treatment of N-carbamylvaline, only D-valine could be detected as confirmed by three different methods (enzymic and chromatographic).
of enrichment procedures was used not only to obtain a variety of micro-organisms, but als6 to investigate the conditions which favour the growth of hydantoinase-producers among the hydantoin-degrading micro-organisms.
M E T H O D S
Microbial strains. These were isolated from soil (from around Braunschweig) and plated on different media incubated under different conditions as described below.
Media and culture conditions for the isolation of hydantoin-hydrolysing micro-organisms. These are summarized in Table I . Hydantoin-degrading micro-organisms were enriched in liquid medium H2 adjusted to pH 7.0 containing (I-'): 2.0 g hydantoin, 5.0 g K,HPO,. 3Hz0, 0.1 g sodium citrate. 2H20, 0.2 g MgS0,. 7H20,0.5 g yeast extract and 2.0 ml of the following trace elements solution (mg I-'): ZnSO,. 7H20 (1 I), MnSO,. 1 H20 (6), FeSO,. 7 H 2 0 (I), CoSO,. 7 H z 0 (0.3), CuSO,. 5 H 2 0 (0.04), H3B0, (0.06) and KI (0.001) . The enrichment cultures were plated on medium K adjusted to pH 7.0 containing (I-'): 5 g yeast extract, 5 g corn steep liquor (as dried powder), 5 g glycerol, 2 g K2HP04, 2 g hydantoin and 20 g agar. For isolation methods 6 and 7 (Table l) , microorganisms were enriched in acidic and alkaline medium respectively, in which the pH of media H2 and K was adjusted with sterile phosphoric acid or sodium carbonate to pH 4.0 or 10.0. For enrichment of drought-resistant microsrganisms (method 4), the soil sample was dried for 180 min at 60 "C. For isolation of sporulating organisms (methods 1,2 and 3), a suspension of the soil sample (1 g in 9 ml saline) was heated for 10 min at 80 "C. All samples were cultured under aerobic conditions in 500 ml Erlenmeyer flasks with two baffles at 130 r.p.m. Unless otherwise stated, cultures were incubated at 27 "C. Each culture from each method was subcultured two to five times.
Detection of hydantoinase-producing strains on solid media. The microbial strains isolated were inoculated to produce single colonies on agar medium K and incubated for 18 to 24 h at 27,37 or 55 "C, according to the source and conditions of isolation. One replica was prepared for each plate that contained isolated colonies in order to test subsequently for ability to hydrolyse the substrate dihydrouracil. Hydantoinase-positive strains were detected using a spot-test that allowed immediate detection in agar of N-carbamyl amino acids (Morin et al., 1986~) . Positive strains developed an unequivocal yellow colour after 5 to 10 s reaction with the aldehyde solution.
Preparation of cellsuspensions and crude extracts. After cultivation in 100 ml of medium K, cells were collected by centrifugation and the pellet was resuspended in 0.1 M-potassium phosphate buffer, pH 8.0, as a 20% (w/w) suspension. Cell samples (1.0 ml) were disrupted by grinding with glass beads (2.0 g) (0-1 to 0.25 mm diameter) at 0 "C for 15 min. Centrifugation gave clear, crude extracts which were then tested for enzyme activity.
Hydantoinase assay. Cell suspensions (20%, w/w) or crude extracts were tested for hydantoin-hydrolysing activity (Yamada et al., 1978) . The reaction mixture contained one of four substrates [ 100 pmol dihydrouracil or 100 pmol hydantoin (Sigma); 100 pmol 5-isoprophylhydantoin or 5 pmol5-p-hydroxybenzylhydantoin (Degussa, Hanau, FRG)) plus 100 pmol Tris/HCl buffer, pH 8.0, 20 pmol NaCl and 1.0 ml of cell suspension. The total volume of the reaction mixture was 2.0 ml. The reaction mixture was incubated for 30 min at 30 "C with reciprocal shaking. The reaction was stopped with 0.5 ml 12% (w/w) trichloroacetic acid solution and 10% (w/w) p-dimethylaminobenzaldehyde acidic solution (6.0 M-HCl). The amount of N-carbamyl amino acids formed was estimated from the absorbance at 450 nm. One enzyme unit (U) was defined as 1 pmol N-carbamyl amino acid formed min-I . All enzyme assays were done in duplicate.
Protein assay. Protein in the crude extracts was determined by the method of Bradford (1976) using bovine serum albumin as a standard. All protein assays were done in triplicate.
Induction ofhydantoinase actioity. The effect of possible inducers of hydantoinase was determined using crude extracts of strains 1-2, 1-9, 1-15, 2-2, 2-5 and 10-3. These strains were grown in medium K without hydantoin containing as potential inducer 0.1 % of one of the following substrates: hydantoin, isopropylhydantoin, phydroxybenzylhydantoin, uracil or dihydrouracil. Crude extracts of these cultures were then assayed for hydantoinase using isopropylhydantoin as substrate.
Determination of the stereospecificity of the hydantoin-hydrolysing activity. Enzyme membrane reactor. A laboratory-scale enzyme membrane reactor (Hummel et al., 1983) was used to evaluate the stereospecificity of the hydantoinase. The reaction vessel (10.0 ml final volume) contained 50 mMisopropylhydantoin and 20 mM-NaC1, dissolved in 0.1 M-Tris/HCI buffer, pH 8.0, and 5 ml of one of the crude extracts. The reactor was fitted with a YM5 Amicon membrane ( M , cut-off 5000). The reaction mixture from the reaction vessel was filtered at a flow rate of 1-9,3.8, 1.9,5.0,4.9 and 5.0 ml h-I for strains 1-2, 1-9, 1-15,2-2,2-5 and 10-3 respectively. The substrate solution (the same as that of the reaction vessel but without the enzyme) was continuously fed into the reaction vessel to replace the ultrafiltrate. The optical rotation of the product in the ultrafiltrate was continuously determined in a polarimeter (Perkin Elmer 241) at 25 "C and 436 nm. The first 40 to 50 ml of ultrafiltrate were discarded and the remaining ultrafiltrates were lyophilized and stored at -20 "C.
Conversion of N-carbamylvaline. A sample (100 mg) of lyophilized ultrafiltrate was resuspended in 5.0 ml 0.05 M-potassium phosphate buffer, pH 8.0; samples (2 mi) of this solution were used to determine the optical * Medium H2 and medium K are described in Methods. Unless otherwise stated, the incubation temperature was 27 "C and the pH was 7.0.
rotation value and the amount of N-carbamylvaline using the methods described above. Samples (2 ml) were used to prepare valine from N-carbamylvaline using the following method. HCI (3.5 M) and an amount of N a N Q equivalent to the N-carbamylvaline determined with thep-dimethylaminobenzaldehyde reagent were added to the sample at room temperature. The mixture was evaporated to dryness in uucuo and resuspended in 0.5 ml deionized water. Amino acid oxidase test. The amounts of D-and L-valine obtained by the hydrolysis of N-carbamylvaline were determined enzymically using the amino acid oxidase (L-and D-) reactions. The reaction mixture comprised 3.0 ml 0.2 M-triethanolamine buffer, pH 7.6, containing 30 pl o-dianisidine (Serva) solution (6.5 mg ml-I in ethanol), 20 pI peroxidase (1 60 U ml-' ; Boehringer), 10 p1 L- and L-valine, N-carbamyl-DL-valine (Sigma) and isopropylhydantoin (Degussa) were used as controls. The plates were run for 30 min ( 1 3 cm) using methanol/water/acetonitrile (50 : 50 : 200, by vol.). The spots were visualized by spraying with 0-1 7; ninhydrin (Merck) and heating at 100 "C for 10 min.
R E S U L T S
Different isolation methods were used to screen soil samples for hydantoinase-producing micro-organisms under different conditions (see Table 1 ). Colonies were isolated under all medium and culture conditions used : spore-forming micro-organisms (methods 1, 2 and 3), drought-resistant micro-organisms (method 4), acidophiles (method 6), alkalophiles (method 7), psychrophiles (methods 8 and 9), mesophiles (method lo), thermophiles (method 1 l), Grampositive bacteria (methods 13 and 14), Gram-negative bacteria (12 and 14) and aerobes (all methods) were obtained. Of 76 strains isolated, 15 possessed hydantoin-hydrolysing activity. These positive isolates were given a number and were further screened with regard to the amount and to the spectrum of their activity. The highest hydantoin-hydrolysing activities were obtained when dihydrouracil was used as substrate (Table 2) . Some false positive reactions (i.e. positive with the spot-test and negative with the cells and/or the crude extract) were observed with strains 11-3 and 11-4. One false negative reaction (i.e. negative with the spot-test and positive with the cells and/or with the crude extract) was observed with strain 10-1. Substrate specificity varied among the strains. Dihydrouracil was the preferred substrate for the strains possessing a high activity except strain 10-3 for which hydantoin was preferred. p-Hydroxybenzylhydantoin was poorly hydrolysed by all strains. Isopropylhydantoin was a better substrate than hydantoin but gave lower activity than dihydrouracil. Strains 1-2, 1-9, 1-15, 2-2, 2-5 and 10-3 possessed the highest activity and were selected for further screening (induction experiment).
Hydantoin induced enzyme activity in strains 1-2, 2-2 and 2-5, while isopropylhydantoin induced hydantoinase in strains 1-2 and 2-5 (Table 3) . p-Hydroxybenzylhydantoin induced little, if any, activity, while uracil induced activity in strain 2-2. Hydantoinase levels in strains 1-2, 1-9 and 2-5 were increased slightly by dihydrouracil. The inducers tested had no effect on the hydantoinase activity of strain 1-1 5. No activity was found in the crude extract of strain 10-3 and very low levels in the crude extract of strain 1-15, confirming the results of Table 2 .
Qualitative and quantitative analyses were made on the ultrafiltrate from the enzyme membrane reactor (Table 4) . When isopropylhydantoin was used as substrate, the end-products of the hydantoin-hydrolysing activity of the six strains was N-carbamylvaline. No valine was detected before the nitrite treatment of N-carbamylvaline, indicating that none of the six strains possessed an active amidohydrolase able to convert N-carbamylvaline into valine (Olivieri et al.,  198 1) . The percentage conversion of isopropylhydantoin in the membrane reactor was calculated for each strain at the point where maximum optical rotation value and maximum amount of N-carbamylvaline were reached during the continuous experiments. During these experiments no attempt was made to optimize the process with any of the six strains. The highest conversion rate (44%) was obtained with strain 2-2. Strains 1-15 and 2-2 produced the highest amount of N-carbamylvaline whereas 2-5 and 10-3 were very poor strains with regard to continuous performance in the membrane reactor. The mtereospecificity of the enzyme was Table 4 . Characterization of the ultrajltrates from the enzyme membrane reactors
The crude extracts were incubated in membrane reactors containing isopropylhydantoin as substrate. The formation of the product N-carbamylvaline (N-c-VAL) (found in the ultrafiltrate) was continuously monitored by polarimetry. checked by determining the chirality of the products N-carbamylvaline and valine using an enzymic test and TLC. Only D-valine was detected in the N-carbamyl amino acid hydrolysates.
Conversion of isopropyl-
Using TLC, controls of D-and L-valine were detected but not isopropylhydantoin nor Ncarbamylvaline. Again the enantiomeric resolution by TLC confirmed that the six selected strains produced only N-carbamyl-D-valine.
DISCUSSION
The purposes of the present study were to select hydantoin hydrolysing micro-organisms rapidly and to evaluate the reliability of a spot-test used to detect such micro-organisms isolated from the environment under different conditions.
Relatively few strains were isolated by selective enrichment but a high percentage (20%) were positive. This confirmed that the microbiological screening methods were efficiently oriented towards hydantoinase-producing micro-organisms. Good correlation between hydantoinase activity in whole cells and crude extracts of all strains found positive with the spot test previously described proved it to be a reliable screening method and a good indicator of the presence of hydantoinase. Our results (Table 2) showed that dihydrouracil was the best screening substrate for hydantoin-hydrolysing micro-organims, confirming previous observations (Morin et af., 19866; Sun, 1983; Yamada et af., 1978) .
Hydantoinase activity could be induced by a variety of compounds (Table 3) . Instability or inactivation of the hydantoinase of strains 1-15 and 10-3 presumably occurred after cell disruption of these strains since low enzyme activity was observed (Table 2) . We have no indication of the mechanism underlying this instability. However, these phenomena seemed to be attenuated when the enzyme was produced in a membrane reactor (Table 4 ). The binding of the hydantoinase to the membrane of the reactor could contribute to the stability of some hydantoinases, such as the one produced by strain 1-15. The importance of some ions for hydantoinase activity has been pointed out (Morin et af. 1986c; Sun, 1983; Syldatk et af., 1986; Yamada et af., 1978) and cannot be excluded in the case of strain 2-5, since the ions were washed off within the first 10 h in the membrane reactor. Instability and/or inactivation of hydantoinase has also been reported (Morin et af., 1986~) . Our results suggest that we are dealing with different types of hydantoinases. The hydantoinases produced by strains 1-2, 1-9,2-2 and 2-5 are stable in a crude extract and in a membrane reactor, as observed for the P.Jluorescens strain DSM 84 (Morin et af., 1986 c) . The hydantoinases from strains 1-15 and 10-3, which were unstable after cell disruption, were stable in a membrane reactor.
The few false positive reactions observed with the spot-test may be due to the non-specificity of the p-dimethylaminobenzaldehyde reagent as reported by Morin et af. (1986a) or to the instability or inactivation of the hydantoinase in whole cells or in crude extracts. Most of the false positive reactions were observed with strains with very low hydantoin-hydrolysing activity (such as strains 11-3 and 11-4). The level of detection of the different N-carbamyl amino acids by Ehrlich's reagent differs, and this could be one of the explanations for the observed false negative reactions.
The screening method for hydantoinase-producing microorganisms described here has the following advantages. (1) Using the spot-test and selective isolation media and culture conditions should permit the rapid testing of a large number of strains from a wide range of environments. (2) Due to the reliable indicative value (presence of hydantoinase) of the spottest, isolated positive strains can be rapidly selected. (3) The spot-test also permits a selection of strains according to the time of appearance of detectable enzyme activity. A trained experimenter should also be able to select positive strains according to the intensity of the yellow colour. (4) The results in Table 4 demonstrate that a laboratory enzyme membrane reactor can be efficiently used in a screening programme. Such a reactor yields relatively pure products after low M, compounds contained in the crude extract are washed out. In our experiments, Ncarbamylvaline was the only N-carbamyl amino acid detected in the ultrafiltrate of the strains tested.
